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Abstract:



The availability of rare earth elements from primary resources has come into question in the last two decades. This has sparked various government and industry initiatives to examine potential rare earth element resources apart from virgin ore bodies. Geothermal fluids are potentially significant sources of valuable minerals and metals, while co-recovery with geothermal energy production would be an attractive sustainable system. In this work, we give a brief survey of data collected on rare earth element concentrations in geothermal fluids. A survey of methods and technologies for extracting rare earth elements from geothermal is discussed along with the feasibility of recovering rare earth elements from geothermal brines. Based on the findings of this study, rare earth element extraction from geothermal fluids is technically possible, but neither economically viable nor strategically significant at this time.






Keywords:


rare earths; geothermal; brine; extraction








1. Introduction


Rare earth elements or metals (REE or REM) play a vital role in many current and emerging technologies. Many renewable energy conversion and storage technologies require the use of REE. Alternatives to REE are not likely in the near future, but still remains an area not well investigated. For the time being, the development of widespread sustainable energy systems will depend on the availability and resources of REE and their minerals.



The abundance of most REE in the earth’s crust is actually significantly higher than other commonly exploited elements, including platinum group elements and mercury [1]. The supply of any individual REE depends on the geology of its deposit, the costs of the extraction technology employed, and the price of the REEs extracted. However, REE minerals are rarely found in commercially acceptable concentrations [1]. The scarcity of mineral deposits is aggravated by the fact that REEs are never found alone or in equal or predictable distributions. Differential demand for each REE and crustal abundance variations introduce significant challenges to ensuring a stable domestic mineral supply of these elements [2]. As a further obstacle, rare earth milling and processing is a complex, ore-specific operation that has a potential for environmental contamination when not controlled and managed appropriately [2].



Besides mineral ore bodies, REE are often found in geological fluids [3]. Water and steam warmed by the earth’s heat are commercially used to generate electricity [4]. This heat is generated within the earth’s core and flows outward into cooler rocks, towards the earth’s surface. The hot rock heats recirculating meteoric water. Sometimes, this heated water re-emerges as hot springs. Water reaching the surface is not a requirement for a successful geothermal operation. More commonly, heat is conducted or convected from depths where the meteoric water has been heated. This heated water/steam can be recovered from moderately shallow (thousands of feet) wells. At the surface, the thermal energy is converted to electric energy if the temperature is high enough; heating and other direct uses are feasible for lower temperature water [5].



Thermal reservoirs that provide water that is hot enough to be used to generate electricity are commonly found at plate boundaries where faults and volcanoes are common, such as the “Ring of Fire” that borders the Pacific Ocean, where oceanic crust of the Pacific plate collides with continental crust. Other areas where volcanic activity is common occur where continental crust is being broken or pulled apart, such as the African Rift Valley or the Basin and Range of the western US. Volcanoes also occur at “hot spots” in places like Yellowstone National Park and Hawaii. These big volcanoes occur despite the fact they are not associated with plate boundaries. Typically, these hot geothermal reservoirs are exploited at depths of 1 to 2 miles below the surface. Larderello, in Italy, was the first geothermal field in the world to be developed. It has been producing electricity commercially since 1913. Other geothermal fields in the United States, New Zealand, and Mexico have been producing electricity for more than 50 years. District heating in Boise, Idaho has operated since 1892 and in Iceland since the 1930.



There are three main types of geothermal power plants:

	
Dry steam plants use steam from geothermal wells to directly spin a turbine, which drives a generator that produces electricity. The Geysers in northern California, the world’s largest single source of geothermal power, uses steam technology.



	
Flash plants bring hot water to the surface where it boils to produce steam. The hot water (above about 440 °F) “flashes” to steam when pressure is reduced in the surface facility. The steam is then sent directly to a turbine to drive the generator. The remaining liquid water is reinjected.



	
Binary cycle plants use hot water to boil an organic fluid similar to the fluid used in air conditioners (a working fluid). The water is never directly in contact with the working fluid—heat is exchanged however. The expanding gas produced by boiling this working fluid is used to spin the turbine and drive the generator. All of the water used in the binary plant is injected into the subsurface, where it is naturally reheated and eventually used again.








After heat extraction at the surface, condensed fluids or cooled liquids are typically reinjected into the subsurface reservoir. REEs can exist in the produced geothermal brines. Their speciation depends on temperature, pH, and salinity [6]. Various premium geothermal environments have been evaluated for the occurrence of REE [7,8,9]. Geothermal fluids interact with the host rocks and consequently become increasingly saturated with various minerals in accordance with the rock composition, fluid chemistry, temperature, pressure and available ligands. Gallup provides a good overview of mineral laden hydrothermal systems (for example, the Salton Sea in California, and oilfield brines associated with salt domes in the United States’ Gulf Coast [10]).



Although the concentrations of REE found in geological fluids is far below that of ore grades, extraction of REE from geological fluids presents a potential method to selectively recover REE while avoiding many potential environmental hazards associated with conventional extraction processes, separation and purification (i.e., mining and milling). Due to the mineralogy of REE ores, individual separation of REEs is currently a difficult and costly process. A facile process requiring less reagents and energy with high individual REE selectivity is of high technological interest to REE metallurgy sector. Moreover, extraction of critical commodity materials using inexpensive methods may help to improve the economic viability of geothermal energy plants. The geothermal industry has a unique opportunity to leverage known and unknown extractable materials with attractive revenue streams and reduction in power generation costs. Geothermal power production has started to be successfully integrated with some extraction of marketable byproducts such as silica, lithium, manganese, zinc and sulfur [8].



The process to recover aqueous REE, although much more facile compared to mining, still presents its own technical and environmental challenges. The objective of this work is to give a brief survey of REE resources in geothermal fluids and discuss potential methods to recover REE from geothermal fluids and technical viability.



1.1. Background


Rare earth elements (REE), as defined by the International Union of Pure and Applied Chemistry (IUPAC), consist of the 15 lanthanide elements (La to Lu), as well as scandium (Sc) and yttrium (Y). Although well known within the scientific community and applied in technologies for some time, REE were rather unknown to the general public till about the late 2000s. Around this time, global availability of REEs appeared to be at substantial risk for a number of reasons. In 2009, 80–90% of the world’s production of REE was from China [11] (which still remains today). With essentially a monopoly on the production of these elements, China changed its position towards the worldwide rare earth market. Introduction of production quotas, export quotas and export taxes, enforced environmental legislation, and granting no new rare earth mining licenses [12,13] caused global market volatility and anxiety among manufacturers of high-tech products containing REE. As a result, there has been increased interest and investigation into non-Chinese REE resources, extraction, separation and purification.




1.2. Technological Importance


The commercial significance of REEs is not directly reflected in the volume in which they are used or produced. For example, their annual primary production tonnage is approximately two orders of magnitude less than copper and four orders of magnitude less than iron [14]. However, in 2010, the U.S. Department of Energy released a Critical Materials Strategy report outlining the vital role that REE (and other materials) play in a clean energy economy [15]. This group of elements also plays a vital role in other current technologies such as catalysts, magnets and display technologies.



The U.S. Department of Defense is a large consumer of REE. The military uses REE in precision guidance weaponry, communications, night vision goggles, GPS equipment, batteries, and magnets as well as for metal alloys for armored vehicles and projectiles. In addition, REE are used extensively for communications, photovoltaics, thin-films, medical imaging, and other commercial applications.



The United States led global production of REEs from the 1960s to the 1980s. Since then, processing and manufacturing of the world’s supply of REEs—as well as downstream value-added products such as metals, alloys and magnets—have shifted almost entirely to China [16]. In recent years, there is a renewed focus on advancing the United States’ domestic supply of Critical Materials. To comply with the Strategic and Critical Materials Stock Piling Act, every other year, the U.S. Department of Defense reports on stockpile requirements. In 2013, the U.S. Department of Defense studied 76 materials for the National Defense Stockpile (NDS) Requirements Report. Additionally, the five REEs (Dy, Nd, Tb, Eu and Y) that the U.S. Department of Energy Critical Materials Strategy (2010–2011) deemed to be most critical in the short term for the clean energy economy also appear in the NDS Requirements’ Report [17]. For example, magnet and phosphor manufacturers require Tb and Eu, two of the least abundant REE. These industries will likely be significantly affected in the short term by REE supply issues. Other industries, such as manufacturers of petroleum refining catalysts requiring La and Ce, will be less impacted since those elements are an order of magnitude more abundant [18].




1.3. Characteristics, Occurrence, Abundance, and Processing


There are several features in the chemistry of REE, namely lanthanides, which distinguish them from d-block metals. Generally, the reactivity of the elements is greater than that of transition metals. A few key features of lanthanides (Ln) are summarized by Cotton [19]:

	
Wide range of coordination numbers (generally 6–12, but two, three or four are known).



	
Coordination geometries are determined by ligand steric factors rather than crystal field effects.



	
They form labile ‘ionic’ complexes that undergo facile exchange of ligand.



	
The 4f orbits of Ln3+ ions do not participate directly in bonding. Their spectroscopic and magnetic properties are thus largely uninfluenced by the ligand.



	
Small crystal field splitting and sharp electronic spectra in comparison with d-block metals.



	
They prefer anionic ligands with donor atoms of high electronegativity (e.g., O, F).



	
They readily form hydrated complexes.



	
Insoluble hydroxides precipitate at neutral pH unless complexing agents are present.



	
The chemistry is largely that of one (3+) oxidation state.



	
They do not form multiple bonds (e.g., Ln=O or Ln≡N) of the type known for many transition metals and certain actinides.



	
Unlike transition metals, they do not form stable carbonyls and have virtually no chemistry in the 0 oxidation state.








1.3.1. Occurrences


In the United States, the major geologic rare earth oxide (REO) occurrences are generally in carbonates and alkaline intrusions, in veins associated with alkaline intrusions, in some iron deposits associated with magmatic-hydrothermal processes, as well as in stream and beach deposits (placers) derived from the erosion of alkaline igneous terranes [20]. Over 100 different REE- bearing minerals are known from REO deposits, 35 of which are outlined in Table 1. The U.S. and world resources are contained primarily in bastnäsite (Ce,La)(CO3)F and monazite (Ce,La,Nd,Th)(PO4). Bastnäsite deposits in China and the United States constitute the largest percentage of the world’s rare-earth economic resources, and monazite deposits constitute the second largest segment [21]. A recent work by Weng et al. [22] gives a detailed assessment of REE resources and deposits.



Table 1. A list of some rare earth oxide (REO) minerals. Table modified from Weng et al. [23].







	
Mineral

	
Mineral Chemistry

	
REO wt %






	
Aeschynite

	
(Ce,Ca,Fe,Th)(Ti,Nb)2(O,OH)6

	
36




	
Allanite (orthite)

	
(Ce,Ca,Y)2(Al,Fe)3(SiO4)3(OH)

	
3–51




	
Ancylite–(Ce)

	
SrCe(CO3)2(OH)·H2O

	
46–53




	
Bastnäsite–(Ce)

	
(Ce,La)(CO3)F

	
70–74




	
Britholite–(Ce)

	
(Ce,Ca)5(SiO4,PO4)3(OH,F)

	
56




	
Brockite

	
(Ca,Th,Ce)(PO4)·H2O

	




	
Calcio–ancylite–(Ce)

	
(Ca,Sr)Ce3(CO3)4(OH)3·H2O

	
60




	
Cerianite–(Ce)

	
(Ce4+,Th)O2

	
81




	
Cerite–(Ce)

	
Ce93+Fe3+(SiO4)6[SiO3(OH)](OH)3

	
60




	
Churchite–(Y)

	
YPO4·2H2O

	
44




	
Euxenite–(Y)

	
(Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6

	
<40




	
Fergusonite–(Ce)

	
(Ce,La,Y)NbO4

	
47




	
Fergusonite–(Y)

	
YNbO4

	




	
Florencite–(Ce)

	
CeAl3(PO4)2(OH)6

	
32




	
Fluocerite

	
(Ce,La)F3

	




	
Fluorapatite–(Ce)

	
(Ca,Ce)5(PO4)3F

	
0–21




	
Gadolinite

	
(Ce,La,Nd,Y)2Fe2+Be2Si2O10

	
40




	
Hingganite–(Y)

	
(Y,Yb,Er)2Be2Si2O8(OH)2

	




	
Huanghoite–(Ce)

	
BaCe(CO3)2F

	
38




	
Hydroxylbastnäsite–(Ce)

	
(Ce,La)(CO3)(OH,F)

	
75




	
Iimoriite–(Y)

	
Y2(SiO4)(CO3)

	




	
Kainosite–(Y)

	
Ca2(Y,Ce)2Si4O12(CO3)·H2O

	
38




	
Loparite–(Ce)

	
(Ce,Na,Ca)(Ti,Nb)O3

	
32–34




	
Monazite–(Ce)

	
(Ce,La,Nd,Th)PO4

	
35–71




	
Mosandrite

	
(Na,Ca,Ce)3Ti(SiO4)2F

	
<65




	
Parisite–(Ce)

	
Ca(Ce,La)2(CO3)3F2

	
59




	
Rhabdophane

	
(Ce,La)PO4·H2O

	




	
Samarskite–(Y)

	
(Y,Ce,U,Fe3+)3(Nb,Ta,Ti)5O16

	
12




	
Synchysite–(Ce)

	
Ca(Ce,La)(CO3)2F

	
49–52




	
Thalénite–(Y)

	
Y3Si3O10(OH)

	
63




	
Uraninite

	
(U,Th,Ce)O2

	




	
Vitusite–(Ce)

	
Na3(Ce,La,Nd)(PO4)2

	




	
Xenotime–(Y)

	
YPO4

	
52–67




	
Yttrofluorite

	
(Ca,Y)F2

	




	
Yttrotantalite–(Y)

	
(Y,U,Fe2+)(Ta,Nb)O4

	
<24










From a geologic perspective, it is no surprise that geothermal fluids can contain measureable quantities of REEs. Geochemists recognize the utility of REEs as powerful tools for tracing geochemical processes within the earth [3]. Numerous studies over the years have reported on the occurrence of REE species in groundwater flow systems. Recently, the work of Neupane and Wendt [24] give a comprehensive collection of geothermal minerals, which will be discussed in more detail in a section to follow. REE also occur in trace amounts in seawater. Elderfield and Greaves [25] report on the distribution of REE in the oceanic water column. The REEs were reported in trace amounts, on the order of 1~10 × 10−12 mol/kg.




1.3.2. Abundance


Haque et al. [26] report on the crustal abundance, resource tonnage, and years of reserves’ estimates. Crustal abundances for REE are in the range of 0.48–68 ppm, and resource timeframes of 600 to 57,000 years of supply (Table 2). The resources have been calculated using data on the percentage of rare earths found in various ore deposits and the known resources of rare earth containing ores [27]. According to the 2017 U.S. Geological Survey, the world resources of rare earth oxides is reported as 120 Mt [21].



Table 2. Summary of rare earth element (REE) crustal abundance, resource tonnage, and years of reserves estimates. Date sources [2,26].







	
Element

	
Crustal Abundance (ppm)

	
Resource Tons

	
Production Tons/Annum

	
Years of Reserves






	
La

	
32

	
22,600,000

	
12,500

	
1800




	
Ce

	
68

	
317,000,000

	
24,000

	
1300




	
Pr

	
9.5

	
4,800,000

	
2400

	
2000




	
Nd

	
38

	
16,700,000

	
7300

	
2300




	
Pm

	
NA

	
NA

	
NA

	
NA




	
Sm

	
7.9

	
2,900,000

	
700

	
4100




	
Eu

	
2.1

	
244,333

	
400

	
610




	
Gd

	
7.7

	
3,622,143

	
400

	
9100




	
Tb

	
1.1

	
566,104

	
10

	
57,000




	
Dy

	
6

	
2,980,000

	
100

	
29,800




	
Ho

	
1.4

	
NA

	
10

	
NA




	
Er

	
3.8

	
1,850,000

	
500

	
3700




	
Tm

	
0.48

	
334,255

	
50

	
6700




	
Yb

	
3.3

	
1,900,000

	
50

	
38,000




	
Lu

	
0.4

	
395,000

	
NA

	
NA




	
Y

	
30

	
9,000,000

	
8900

	
1011




	
Sc

	
22

	
NA

	
NA

	
NA










The authors note that although this assessment is a simplification, since the life of a particular resources will be influenced by discovery of new deposits, technological efficiency such as use of less specific material per product, extraction efficiency of low grade ore, and finally potentially the stream of recovered metal from recycling [26]. A survey on the recycling of REEs is given by Anderson et al. [28].




1.3.3. Processing


Figure 1 shows an abridged diagram of the conventional process route of REE ores to REE metal. The primary steps involved are as follows:

	
Mineral mining and comminution;



	
Physical beneficiation, chemical separation, and concentration from the host material in acidic or alkaline solutions;



	
Separation and purification using solvent extraction or ion exchange, and;



	
Reduction of the individual REOs into pure metals [1].







Figure 1. A generalized process flow diagram of rare earth element (REE) processing from ore to final products.
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The first step typically includes crushing the ore and separating the REE-bearing minerals by magnetic, flotation, or gravimetric separation. Since this separation process dramatically increases the percentage of REOs, typically from a few weight percent to over 50 wt % a large amount of waste rock (tailings) is generated and typically must be managed onsite.



Subsequent steps in the process aim to change the concentrated mineral into more valuable chemical forms with thermal and/or chemical treatments. These typically involve hydrometallurgy (e.g., leaching, extraction, precipitation) or pyrometallurgical techniques (e.g., thermochemical reduction). A fundamental review on REE floatation is given by Anderson et al. [29], while a primer on hydrometallurgical separation of REEs is given by Kronholm et al. [30]. A critical review on solvent extraction of REEs from aqueous solution is given by [31]. Faris et al. reviews the application of ferrous pyrometallurgy for the beneficiation of REE ores [32].



After mineral beneficiation, the most common method of separating REEs is to use ion-exchange resins or solvent extraction methods using tributyl phosphate (TBP) and di-(2-ethylhexyl) phosphoric acid (D2EHPA). Ionic liquids [33,34] have also been investigated for REE separation. After which, the REEs are then often recovered as chlorides, fluorides, or hydroxides. These are then often converted to REOs. The REOs can then be reduced to individual REE metals or an alloy.



It should be noted that the actual REO processing is rather complex and difficulty arises in separation of individual REEs requiring several processing steps. For a more detailed overview of REE extraction and recovery, there are several texts available in the literature (for example, see [35,36,37]).





1.4. Environmental Issues in REE Mining and Processing


The process to recover REEs from geothermal fluids could circumvent some of the significant commercial challenges of conventional rare earth milling and processing. As mentioned, these are complex, ore-specific operations that have the potential for environmental contamination when not controlled and managed appropriately [2]. Weng et al. [23] survey and discuss the environmental impacts of extraction from various types of REE deposits. As noted by Weng et al. [23], there are few published detailed studies on the actual impacts of REE processing. Ali [38] comments on the societal and environmental impacts of the REE industry, suggesting the necessity for a more circular supply chain to lessen such impacts.



Recently, Tharumarajah and Koltun [39] performed Life Cycle Assessment (LCA) on Bayan Obo deposit in China to determine the equivalent greenhouse gas (GHG) emissions for production for REOs. Their analysis shows that the production of Sm, Eu and Gd oxides emits around 55 kg of CO2 equivalent per kg of oxide produced. These GHG emission values are significantly higher than for Fe and Cu, for example. Norgate and Haque [40] determined the global warming potential for Fe to be 11.9 kg of CO2 equivalent emissions per ton of Fe production, or kg CO2-e/t, bauxite to be 4.9 kg CO2-e/t bauxite, and Cu concentrate to be 628.2 kg CO2-e/t Cu concentrate. For Cu metal, Northey et al. [41] determined 2.6 kg of CO2 emitted per kg of produced Cu metal. A follow-up publication by Koltun and Tharumarajah [42] extended their LCA analysis for REEs produced from the Bayan Obo deposit. In summary, GHG emissions for Light REOs (La-, Ce-, Pr-oxide) to be 32.29 kg CO2-e/kg REO, Medium REOs (Nd-, Pm-, Sm-oxide) to be 30.29 kg CO2-e/kg REO, and Heavy REOs (Gd-Lu, Sc-, and Y-oxide) to be 34.49 kg CO2-e/kg REO. The oxides, Eu2O3, Dy2O3, Tb4O7 and Sc2O3 have substantially higher GHG emissions when compared to the other REOs. This is a result of a lower extractable mass when reducing these oxides to metals [42]. For all REE processing, REO separation has the highest contribution to GHG emissions when compared to mining and beneficiation, and reduction.



Radionuclides are often associated with REE mineral deposits including U and Th. Mining and processing of radioactive materials necessitates active and comprehensive monitoring of radiation levels and proper protocols for material handling, processing, and disposal. Table 3 gives a summary of potential environmental impacts in REE mining, processing, and recycling.



Table 3. Summary of potential environmental impacts in REE mining, processing, and recycling. Table adapted from [43].







	
Activity

	
Emission Source(s)

	
Primary Pollutants of Concern






	
Mining

	
Overburden

	
Radiological contaminates




	
Waste rock

	
Metals




	
Sub-ore stockpile

	
Mine influenced waters (e.g., acid/alkaline drainage)




	
Ore stockpile

	
Dust and associated pollutants (e.g., PM 2.5)




	
Processing

	
Crushing/Grinding

	
Dust




	
Tailings

	
Radiological contaminates




	
Tailings impoundment

	
Metals




	
Separation and Purification

	
Turbidity




	
Liquid waste

	
Organics




	

	
Dust and associated pollutants




	
Recycling

	
Collection

	
Transportation pollutants




	
Dismantling and separation

	
Dust and associated pollutants




	
Scrap waste

	
Volatile Organic Compounds




	
Landfill

	
Metals




	
Processing

	
Dust and associated pollutants




	

	
Volatile Organic Compounds




	

	
Dioxins




	

	
Metals




	

	
Organics












2. REEs in Geothermal Brines


Neupane and Wendt [24] present a recent and comprehensive study on the mineral contents of geothermal brines in the U.S. Data from 8000 entries was compiled and summarized in their study. In regard to REEs, a separate database was also prepared from journal articles published by Wood et al. [44,45,46,47,48] and ongoing Idaho National Laboratory (INL) projects analyzing geothermal/oil and gas well brines of the eastern Snake River Plain, southeastern Idaho, and Wyoming Basin. Figure 2 shows a representation of the data compiled by Neupane and Wendt [24] of total filtered REE concentration (ng/kg, or parts per trillion) versus well pH. Not all of the data from Neupane and Wendt’s study [24] was extracted.


Figure 2. Filtered brine concentration of total REEs in solution plotted versus brine pH. The figure is a representation of the data complied from Neupane and Wendt [24] and not all data was extracted.
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We can see that the majority of the samples collected contain sub-ppb levels of REEs and the fluids are alkaline in nature. For REEs levels above the ppb range, the fluids typically have an acidic pH. REE adsorption is generally favored at near neutral or slightly basic pH. It should to be noted that unfiltered samples often contain much higher concentration of RE than filtered samples. Of the REEs present in geothermal fluids, the most abundant REEs typically are La, Ce and Nd.




3. Potential Methods of REE Extraction from Geothermal Brines


Extracting REE at such a low concentration from geothermal brines is challenging. Unknown mineral abundance and cost effective technology for separation from geothermal brine present addition challenges. Recently, significant efforts are being made to develop technologies to extract REE from geothermal brine, since the geothermal brine can be a cost-effective mineral resource [25]. Several technologies have been developed and suggested for the extraction of REEs using geothermal brine as a resource. However, the suggested techniques are still in lab-scale studies, and significant work is required before these are used in real applications. Some of the suggested techniques that can be used to recover REEs from the geothermal brine are discussed.



All of the methods discussed here are fundamentally separation processes. Metrics for the effectiveness of the separation is often measured by the selectivity, energy and water use, and waste production. For viable separation, the total operating cost cannot be greater than the value of recovered REEs. Environmental costs should be accounted for ideally; however, many are hard to quantify monetarily.



3.1. Adsorption


Adsorption can be used to recover metal ions from low-concentration sources by means of relatively simple processes. Recovering REEs using adsorbents involves a combination of solid-phase sorbents, water treatment, and established mineral processing unit operations. This approach offers advantages such as environmental friendliness, scalability, and high processing speed. Research to date showed that the new sorbent materials can be integrated into relevant mineral recovery structures such as packed beds, fluidized beds, various filter structures, and various thin membranes. A variety of sorbents show high affinities towards a variety of REEs with good capacities, rapid kinetics, and economics. Although many REE adsorbents have been studied [49,50,51,52,53,54,55,56,57,58,59,60,61], to date, there is no adsorbent material in practical use.



Metal oxide adsorbents such as the oxides of Fe and Mn [62] have been predominantly examined for REE adsorption. Functionalized magnetic nanoparticles, for example [63], have gained considerable interest due to simple recovery of the adsorbent material via magnetic field. In particular, a project at Pacific Northwest National Laboratory (PNNL, Richland, WA) [64,65] examined composite nanoparticles having a core structure of magnetic iron oxide and an active shell structure made of silica or metal organic framework (MOF) sorbent functionalized using chelating ligands selective to REEs. Their process introduces these nanoparticles at a low concentration (about 0.05 wt %) into the concentrated geothermal fluid (using plant heat exchanger). The process is designed for a short interaction of concentrated brine with the functionalized nanoparticles to bind REEs on surface of the particles. Separating out the nanoparticles with an electromagnet followed by standard extraction techniques extracts the REEs. The study at PNNL identified the two MOF (i)-SO3-(ii) diethylene triamine (DETA) that can be used to selectively adsorb REE. These MOFs were shown to effectively stripped five REEs in simulated brine solution when the nanoparticles were exposed for 5 min. A 20% rate of return was showed in the experimental study for REE extraction at PNNL. Functionalized carbons have also been examined for REE extraction. Recently, we have demonstrated the application of recycled tires as an adsorbent for the extraction of aqueous REEs such as Y, La, Ce, Sm and Nd [66].




3.2. Ion-Exchange


Ion exchange (IX) is a highly effective separation technique mainly for dilute solutions. Development of synthetic resins in the 1940s marked a significant advance in development of commercial IX processes. Separation of REE into their individual components as part of the Manhattan Project in World War II was a notable achievement of IX [67]. Subsequent development of chelating resins was a significant advancement in applications of IX to metallurgical separations [68]. The use of IX resins and chelation IX resins is common in commercial systems to selectively separate metal ions. Some advantages of IX process includes a simple design, applicable to dilute feeds, has the ability to achieve a high concentration factor, and has virtually no loss of separation media to the environment. The downside to IX is that the method does not work well with concentrated feeds, the kinetics are usually slow, and depending on the separation agent used selectivity can be limited. For IX, selectivity is based on the metal ion charge, while for chelation IX, high selectivity is achieved with ligands [68]. Selective adsorbents may improve the economics of extraction over IX resins. Generally adsorbents can tolerate a wider domain of operating conditions, whereas IX requires more pretreatment.




3.3. Solvent Extraction (SX)


Solvent extraction involves transfer of a solute from one liquid phase to another immiscible or partially immiscible liquid that is in contact with the first phase [68]. The first phase (aqueous) contains the metal to be concentrated into the second phase. The second phase consists of an organic liquid containing an active extractant and appropriate modifiers dissolved in a solvent (diluent). The leach solution and the organic liquid form immiscible phases and must have low mutual solubilities. Upon contact, the dissolved metal or metal complex ions and the extractant molecules undergo chemical exchange reactions [69]. The metal ions are then recovered through a stripping process of the organic phase. In the metal industry, SX is extensively used in recovery of Cu from ore leach solutions, amounting to approximately a quarter of global Cu production [67]. Limitations of SX arise from the use of organic volatile, combustible, and toxic solvents. Often, traces of solvent components are carried into effluent streams, which necessitate environmental abatement. A review on SX for REEs is given by Xie at al. [31].




3.4. MRT—Molecular Recognition Technology


This process, termed molecular recognition technology (MRT), is effective at various stages in metal life cycles [70,71]. The MRT process is based on selective recognition of specific metal ion guests by supported ligand hosts allowing highly selective individual separation and recovery of metals from complex matrices present in industrial feed solutions.



An early application of molecular recognition to selective host–guest interactions was the pioneering work of Pedersen, for which he shared the Nobel Prize in 1987 [72]. Pedersen synthesized a large number of cyclic polyethers [73] and observed that certain number of these had remarkable selectivity for specific alkali metal ions. This selective host–guest interaction was quantitated and its range expanded to other macrocycles by Izatt et al. [74,75] and others [76]. Early work by Izatt and coworkers with selective transport of metal ions in supported liquid membrane systems [77] led to the development of solid supported SuperLig® systems (IBC Advanced Technologies, American Fork, UT, USA) in which the metal-selective ligand was attached by a tether to a solid support, such as silica gel [78]. This achievement made large scale, selective metal separations possible [79]. After passing several volumes of brine, the species of interest can be stripped and concentrated using aqueous ethylenediaminetetraacetic acid/HCl solution. The MRT procedure is described [79] and examples are given of its commercial use, environmental, procedural, economic, metal conservation, and metal resource preservation benefits associated with the use of green chemistry principles are discussed.




3.5. Extraction Using Engineered Microbes


Metals leaching using microbes is an established technique for metals extraction from liquid media [80]. The approach is based on the fact that some microorganisms such as bacteria bind with metal ions. An early study made an assessment for metal binding capacities of bacteria based on a dry weight basis, and estimated that binding capacity of bacteria is quite comparable to the binding capacities of commercial ion exchangers (10−5 to 10−3 mol metal/g) [81]. In various studies, several mesophilic bacteria have been engineered to show the metal-binding motifs on their cell surface with increased binding capacity and selectivity [82,83,84,85,86]. For example, binding of Gd3+ with the bacteria has been demonstrated [87]. Following that, a selective bioleaching technique is recently proposed to recover REE metals from geothermal fluid based on the lab scale experiment [88]. In the study, Geobacillus stearothermophilus was used as a biosorbent and SbsB protein as a surface layer (S-layer) scaffold to recover the Gd in geothermal fluid. In the approach, the S-layer modification by mesophile Escherichia coli was suggested. With the engineered S-layer, the binding efficiency of Gd3+ ions was increased up to 80% in nM concentration of Gd in geothermal brine. A review on the biosorption and bioaccumulation of valuable metals from geothermal brine is presented by Lo et al. [89]. These data demonstrate that the bioleaching can be a possible technique to recover REEs from the geothermal fluid present in trace levels; however, to establish this as a viable technique, a significant amount of research is required. Although such an approach may have a low capital cost, the kinetics may be lagging.




3.6. Magnetic Segregation


O’Brian [90] describes in a patent a magnetic segregation method that can be used to recover REEs from the geothermal fluids. The method involves collection of the hot geothermal brine in a heat exchanger followed by cooling the hot fluid down. As the fluid cools down, REEs in the brine condense out of the fluid, forming a condensate. The condensate is then accelerated by applying a physical force (gravity or centrifuge), followed by applying a magnetic force simultaneously. Due to combinations of both physical and magnetic forces, the components of condensate segregate differently. The segregated REEs can be collected and removed from the condensate. The process can be optimized by varying the duration, intensity, time and constancy of the two forces to for the segregation of the REEs from other components of the condensates.





4. Discussion


The possibility of extracting minerals from the geothermal brines has been a great interest to the geothermal communities including private sector and various government agencies [91,92,93,94]. Numerous studies, ranging from the brine characterization to operation at pilot level to extract minerals from the geothermal brines have been reported [94,95,96]. Over the years, several technologies to extract minerals such as precious minerals (Ag, Au, Pd, Pt, Cs and Sr), Cu, Sn, Li, Mg, from geothermal brine are developed. The precious metals (PMs) extraction from the geothermal brine has gained considerable interest. PMs are present in the geothermal brines in the 0.1–10 ppb range, whereas the concentrations of PMs in scale are found to be higher, in the 100–1000 s of ppb range. Since the price of the PMs is orders of magnitude greater than that of REEs (i.e., 10,000 $/kg for PMs vs. 1–100 $/kg for REOs), economic benefits have long been identified. The well-established extraction technologies to extract some of the PMs from geothermal brine and scale are summarized in Table 4.



Table 4. Extraction technologies for precious metals (PMs) from geothermal brines.







	
Minerals

	
Extraction Technology

	
Reference






	
Ag

	
Sulphidization

	
[97]




	
Precipitation by metallic iron

	
[93]




	
Deposition in steel vessel

	
[98]




	
Au

	
Scale deposition

	
[99]




	
Deposition in extraction vessel

	
[98]




	
Bioleaching

	
[100]




	
Pt

	
Carbon interaction with brine

	
[100]




	
Sr

	
Evaporative extraction

	
[101]










The extraction of PMs from geothermal brine has been demonstrated to have economical benefit using essentially the same technologies/methods as that would be used for REE extraction. However, extraction of REEs is not viable due to economic constrains and a much higher volume of demand. To compare, the U.S. consumption of all REE metals and compounds was estimated to be 17,000 t of REO in 2014 [102]. In the same year for Au, the U.S. produced around 200 t and consumption was reported to be 150 t [103]. If we average all of the data points (total of 160 data points) in Figure 2, for a rough estimation of total REEs in the resources, the REE concentration is around 0.17 ppm. In contrast, REO ore grades in conventional mining are typically 0.05–0.5% or 500–5000 ppm.



Due to the low concentration and low price, economic extraction of REE from geothermal brine alone does not appear to be viable. If we assume a typical geothermal power plant operates at a flow rate of 20 kg/s of brine for 1 MWe power (200 °C reservoir) [104], a typical 20 MW facility passes around 1.26 × 1010 kg/year of brine through its facility. If we assume the brine to have a REE content of approximately 100 ppb REEs, this comes to around 1261 kg of extractable REEs. Now, if we assume the distribution of REEs in the brine to have a similar REE distribution as that of Mountain Pass ore (49.6% Ce, 32.4% La, 12.37% Nd, assume balance with gangue) and a 90% recovery, 358 kg of La2O3, 563 kg of CeO2, and 140 kg of Nd2O3 for a total of around 1071 kg REEs recovered per year could be expected. If we assume market prices (buying) of 2, 2 and 42 $/kg for CeO2, La2O3 and Nd2O3, respectively, only around $7700 worth of REEs can be viably collected. Note that this does not take into account processing costs of the REEs. This one processing plant would contribute to approximately 0.006% of REE domestic demand.



Geothermal energy production cost is around 0.04–0.10 $/kWh, with capital cost estimates of around 2500 $/kW installed. If we again assume the base case of a 20 MW facility, the capital cost of the power plant is approximately $50,000,000 with an annual operating cost of $7,000,000 at 0.04 $/kWh. If REE extraction will help reduce operating costs by an additional revenue stream, the selling of REOs would contribute to 0.11% or less of the operating budget. To be noted, the revenue calculated for REOs does not account for any processing costs of the REOs. Given this crude analysis with several assumptions, REE extraction from geothermal brine only seems feasible if extracted with other co-products. Neupane and Wendt [24] concluded in their study that certain value can be extracted from geothermal brines, namely from silica and lithium. Given today’s market value and technology, silica and lithium are currently the only economical extractable minerals.




5. Conclusions


This work has made an attempt to briefly summarize studies on REEs in geothermal fluids and technologies for the extraction thereof. Recovering REEs from geothermal fluids presents many advantages, but these are not met with out technical challenges and economical constraints. The following conclusions can be drawn from this study:

	
REEs are present in measureable quantities in geothermal fluids using modern analytical techniques



	
A number of technologies exist for extraction of REEs from geothermal fluids



	
Due to the low concentration of REEs in the fluid, REEs recovered from geothermal fluids does not present itself as a resource able to meet current domestic demand



	
Economic constraints hinders the viability for REE extraction alone



	
Co-recovery with other valuable metals and minerals will improve the overall economic feasibility.
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